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DETAILED ACTION 

This Non-Final Office Action is a reply to the Papers filed 17 December 2003 and 16 
January 2004 in response to the Non-Final Office Action mailed 26 August 2003. Claims 1-5, 8- 
12, 17-23, 27-33, 35, 42, 45 and 47 were considered in the 26 August Office Action. Claims 1-3, 
5, 8, 10-12, 23, 32, 33, 35 and 42 were amended in the 16 January Paper. Claims 1-5, 8-12, 17- 
23, 27-33, 35, 42, 45 and 47 are pending and under consideration. 

Response to Amendment 

Claim Objections 

Objection to claim 1 as containing informalities is withdrawn. 

Claim Rejections - 35 USC § 1 12, First Paragraph 

Rejection of claims 10, 1 1, 12, 23 32 and 35 under 35 U.S.C. 112, first paragraph, as 
lacking enablement for the full scope of the claimed subject matter is withdrawn in view of the 
amendment such that they are now limited to the subject matter enabled by the disclosure. 

Rejection of claims 5, 8-12, 17-23, 27-33, 35, 42, 45 and 47 under 35 U.S.C. 1 12, first 
paragraph, as failing to comply with the written description requirement is withdrawn in view of 
the limitation of the disruption of the claims to the absence of functional cGMP 
phosphodiesterase alpha subunit. 
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Rejection of claims 1-3 and 32 under 35 U.S.C. 1 12, second paragraph, as being 
indefinite is withdrawn. 

New Grounds 

Double Patenting 

Applicant is advised that should claim 12 be found allowable, claims 27 and 32 will be 
objected to under 37 CFR 1.75 as being a substantial duplicate thereof. When two claims in an 
application are duplicates or else are so close in content that they both cover the same thing, 
despite a slight difference in wording, it is proper after allowing one claim to object to the other 
as being a substantial duplicate of the allowed claim. See MPEP § 706.03(k). 

In the instant case, each of the claims is directed to a method limited to comprising the 
steps of administering an agent to the transgenic mouse of claim 8 and determining whether an 
eye abnormality of the transgenic mouse is ameliorated. There is no discernable difference in the 
scope of the claimed methods. 

Claim Rejections - 35 USC § 1 12 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specification shall conclude with one or more claims particularly pointing out and distinctly claiming the 
subject matter which the applicant regards as his invention. 

Claims 10 and 23 are rejected under 35 U.S.C. 1 12, second paragraph, as being indefinite 
for failing to particularly point out and distinctly claim the subject matter which applicant 
regards as the invention. 
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First, the claims omit essential steps, such omission amounting to a gap between the 
steps. See MPEP § 21 72.01. The omitted steps are: Selecting a cell which has undergone 
homologous recombination following the step of introducing the targeting construct and prior to 
the step of introducing the cell into a blastocyst. 

The claims are further indefinite in reciting in step (c), "said pseudopregnant mouse gives 
birth". Once the blastocyst has been implanted in the pseudopregnant mouse the mouse is no 
longer pseudopregnant. The mouse is actually pregnant. Amending step (c) to read "...wherein 
said mouse gives birth..." would be remedial. 

Claim Rejections - 35 USC $ 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the 
basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless - 

(b) the invention was patented or described in a printed publication in this or a foreign country or in public use or on 
sale in this country, more than one year prior to the date of application for patent in the United States. 

Claims 1 and 3 are rejected under 35 U.S.C. 102(b) as being anticipated by Qin et al 
(1992)/. Biol Chem. 267:8458-8463. 

Although it was previously indicated that the claims were free of the art, upon further 
consideration it is apparent that the targeting construct of claim 1 and the method of producing a 
targeting construct of claim 3 read on any nucleic acid comprising a nucleic acid encoding a 
cGMP phosphodiesterase and selectable marker because the selectable marker can be anywhere 
in the construct and the first and second sequences homologous to the cGMP phosphodiesterase 
alpha subunit gene are not limited to being non-contiguous. Thus, the nucleic acid construct 
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comprising a mouse cGMP phosphodiesterase and selectable marker gene, and method of 
making said nucleic acid construct, taught by Qin et al anticipates the claims (see especially the 
second full paragraph on page 8459 and Figure 1 and the caption thereto. 

Amending the claim to indicate that the first and second polynucleotide sequences 
homologous to the target gene are interrupted by the selectable marker gene and to indicate that 
the first and second sequences are inserted such that they flank the marker gene would overcome 
this rejection. 

Allowable Subject Matter 

Claim 2 is objected to as being dependent upon a rejected base claim, but would be 
allowable if rewritten in independent form including all of the limitations of the base claim and 
any intervening claims. 

Claims 4, 5, 8-12, 17-23, 27-33, 35, 42, 45 and 47 are allowed. 

Conclusion 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Daniel M Sullivan whose telephone number is 571-272-0779. 
The examiner can normally be reached on Monday through Thursday 6:30-5:00. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Remy Yucel, Ph.D. can be reached on 571-272-0781. The fax phone number for the 
organization where this application or proceeding is assigned is 703-872-9306. 
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Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) system. Status information for published applications 
may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 
applications is available through Private PAIR only. For more information about the PAIR 
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 
system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). 
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In Vitro Isoprenylation and Membrane Association of Mouse Rod 
Photoreceptor cGMP Phosphodiesterase a and /? Subunits 
Expressed in Bacteria* 

(Received for publication, November 6, 1991) 

Ning Qinf§, Steven J. PittlerDH, and Wolfgang Baehrjfl** 

From the Departments of %Biochemistry and ^Ophthalmology, Baylor College of Medicine, One Baylor Plaza, 
Houston, Texas 77030 



We investigated the specificity of CAAX box- related 
isoprenylation of rod photoreceptor cGMP phosphodi- 
esterase (PDE) subunits expressed in bacteria and the 
consequences of this modification on rod disk mem- 
brane association. Full-length cDNA sequences of the 
a and 0 subunits of mouse PDE, inserted into bacterial 
pET expression vectors, were overexpressed as fusion 
proteins containing 28 (bMP-a) and 26 (bMP-0) addi- 
tional amino acid residues at their N termini. Both 
fusion proteins were overexpressed and stored in in- 
clusion bodies. Purified bMP-a and bMP-jff were rec- 
ognized by bovine PDE-specific polyclonal antibodies, 
but did not associate with depleted rod disk membranes 
and were catalytically inactive. Using bovine brain or 
retina extracts as sources of protein prenyltransfer- 
ases and tritiated farnesyl- or geranylgeranylpyro- 
phosphate as donors, bMP-a (CAAX sequence CCIQ) 
was exclusively farnesylated, and bMP-0 (CAAX se- 
quence CCIL) was exclusively geranylgeranylated. 
After isoprenylation, bMP-a and bMP-0 each associ- 
ated with rod photoreceptor outer segment disk mem- 
branes under isotonic, but not under hypotonic, con- 
ditions. The results indicate that isoprenylated bMP-a 
and bMP-/9 each interact independently with mem- 
branes and that isoprenylation is the key modification 
that facilitates membrane association. 



Rod photoreceptor cGMP phosphodiesterase (PDE)/ a key 
component in mammalian phototransduction (1), is a heter- 

* This investigation was supported in part by National Eye Insti- 
tute Grant EY08123, the National Retinitis Pigmentosa Foundation, 
the Gund Foundation, and the Retina Research Foundation (Hous- 
ton) (to W. B.). The costs of publication of this article were defrayed 
in part by the payment of page charges. This article must therefore 
be hereby marked "advertisement" in accordance with 18 U.S.C. 
Section 1734 solely to indicate this fact. 

§ Supported as a predoctoral fellow by a center grant of the 
National Retinitis Pigmentosa Foundation to the Department of 
Ophthalmology. 

|j Supported by Individual National Research Service Award F32 
EY06172 and a grant from the Knights Templar Eye Foundation, 
Inc. 

** Recipient of a Jules and Doris Stein Research to Prevent Blind- 
ness Professorship (Research to Prevent Blindness, Inc., Baltimore). 
To whom correspondence should be addressed: Dept. of Ophthalmol- 
ogy, Baylor College of Medicine, 6501 Fannin St., Houston, TX 77030. 
Tel.: 713-798-5965. 

1 The abbreviations used are: PDE, phosphodiesterase; PCR, po- 
lymerase chain reaction; ROS, rod photoreceptor outer segments; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis; IPTG, isopropyl-l-thio-0-D-galactopyranoside; FPP, farnesyl- 
pyrophosphate; GGPP, geranylgeranylpyrophosphate; HPLC, high 
performance liquid chromatography. 



otrimeric holoenzyme composed of two large subunits, a and 
ft of nearly identical size (calculated M r 100,000) and two 
copies of a small inhibitory subunit 7 (M t 10,000) (2-4). Under 
physiological conditions, the holoenzyme is peripherally as- 
sociated with ROS disk membranes, but may be solubilized 
reversibly by a membrane disrupting hypotonic shock (5, 6) 
or irreversibly by a limited trypsin treatment removing small 
C- terminal fragments from the large subunits (7-9). The two 
inhibitory 7 subunits have no role in membrane association 
(9). Removal of 7 results in a highly active afi core enzyme, 
the two subunits of which cannot be separated without com- 
plete loss of activity. 

Cloning of a and 0 subunit cDNAs revealed that each 
subunit is encoded by a distinct gene and that the predicted 
polypeptides are 70% identical (10-13). Each subunit has two 
presumed noncatalytic cGMP binding sites, an approximately 
275 -residue domain thought to represent at least part of the 
active site and C-terminal CAAX sequences where C is a Cys, 
A a mostly aliphatic residue, and X any residue (14). The 
CAAX motif (15, 16) appears to signal posttranslational iso- 
prenylation of Cys via a thioether linkage, proteolytic C/AAX 
cleavage, and carboxymethylation of Cys-COOH in several 
eucaryotic proteins, including nuclear lamins (17), ras, and 
other small GTP -binding proteins (18), and their regulatory 
components (19, 20). By adding a hydrophobic tail, the mod- 
ification enhances the hydrophobicity of the C terminus and 
thus may promote anchoring of the polypeptides to the mem- 
brane. 

The isoprenoids transferred by specific protein prenyltrana- 
ferases are the C15 moiety, farnesyl (21), and the C 2 o moiety, 
geranylgeranyl (22, 23). The specificity of isoprenylation by 
protein prenyltransferases was recently shown to be influ- 
enced by the last residue of the CAAX sequence (24, 25), 
where a Leu predetermines geranylgeranylation and Ser, Met, 
or Phe signal farnesylation in a variety of proteins thus far 
investigated (24, 26, 27). Accordingly, the 7 subunit of trans- 
ducin (CAAX sequence CVIS) has been shown to be farne- 
sylated (28, 29). Although the mouse PDE fi subunit (CAAX 
sequence CCIL) should be geranylgeranylated, the isoprenoid 
attached to the mouse PDE a subunit (CAAX sequence CCIQ) 
cannot be predicted on the basis of the identity of the last 
residue. Consistent with isoprenylation of the PDE subunits 
is the earlier finding that the mature a and ft subunits are 
carboxymethylated (8, 9, 30), A lipid moiety has not been 
identified in either of the two large subunits. 

We are interested in the structure and function of the two 
large subunits of PDE, a and 0, representing the active core 
of the PDE holoenzyme afiy 2 - We have initiated expression 
of a and 0 subunits in bacteria and yeast (31) to study 
membrane association, posttranslational modifications, and 
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interaction of the two large subunits. To determine the influ- 
ence of isoprenylation of individual subunit9 upon membrane 
association, we describe in this paper the expression of full- 
length unprocessed fusion polypeptides bMP-a and bMP-0 in 
bacteria. We show that bMP-a can be farnesylated and that 
bMP-0 can be geranylgeranylated in vitro with absolute spec- 
ificity. Although catalytically inactive, the isoprenylated fu- 
sion peptides readily associate with ROS membranes under 
isotonic, but not under hypotonic conditions, mimicking 
membrane association of native PDE. 

EXPERIMENTAL PROCEDURES 

Materials— [ 3 HJFPP (specific activity 1.4 Ci/mmol), [ 3 H]GGPP (8 
Ci/mmol), and unlabeled FPP and GGPP were obtained from R. K. 
Keller (University of Florida). [ 3 H]cGMP (33.3 Ci/mol) was from Du 
Pont, and [ 35 S] methionine (1,000 Ci/mmole) was from Amersham 
Corp.; methyliodide, farnesol, and geraniol and alkaline phosphatase 
were from Sigma. 

Full-length cDNA Clones Encoding Mouse PDE a and p Subunits— 
cDNA clones containing full-length coding sequences for the mouse 
PDE a subunit were constructed by ligating the N- terminal Clal- 
Xhol cDNA fragment of MPA11 and the C-terminal XhohKpnl 
fragment of MPA4 (13) at their common unique Xhol site. The 
ligation products were digested with Kpnl, and a 3.2-kilobase pair 
Kpnl- fragment containing the full coding sequence of the PDE « 
subunit was cloned into the Kpnl site of pBluescript. Plasmids 
containing the insert in both orientations (MP A- A and MPA-B) were 
isolated and characterized by restriction mapping and sequencing 
through the junctions used for ligation. Two cDNA clones (MPB-71 
and MPB-81) containing full-length clones encoding the j3 subunit 
were isolated from a mouse retina Xzap library using an N -terminal 
250-base pair Ecom-Pstl fragment of MPB10 (13) as a probe. The 
two clones differ in the extent of the 3' -untranslated area, and 
upstream of position -10 (position +1 is A of ATG), have differing 
5' -untranslated regions, the basis of which is presently unknown. 

Expression Constructs and Transformation — A 3.2-kilobase pair 
MPA fragment was isolated after digestion of MPA-B with Cla\, and 
a 2,8-kilobase pair MPB fragment was isolated after digestion of 
MPB-81 with EcoHL The fragments were blunt-ended using the 
K I enow fragment of Escherichia coli DNA polymerase and dNTP. 
The MPA fragment was cloned into the filled-in Bam HI site of the 
bacterial expression vector pET-3c (32) to yield pETMPA, and the 
MPB fragment was cloned into the pET-3a vector to yield pETMPB. 
Correct orientations of both constructs were determined by restriction 
mapping, and the junctions were confirmed by DNA sequencing with 
PDE a and /3 subunit-specific antisense primers (data not shown). 
The constructs pETMPA and pETMPB were transformed into E. 
coli strain BL21(DE3)pLysS (F~refA rKumKi-jriTnV) (Novagen, Mad- 
ison, WI). The transformants from both constructs were grown in 5 
ml of LB medium containing 50 ng/ral ampicillin and 25 ng/m\ 
chloramphenicol to CD^o — 1.0 and induced for 3 h by adding IPTG 
to a final concentration of 0.4 mM. Before and after induction, 100 /d 
of the culture were removed, spun down, and used directly for SDS- 
PAGE analysis. 

Isolation of Native Bovine PDE and Expressed PDE Subunits — 
Bovine ROS PDE was isolated from 50 bovine retinas as a crude 
hypotonic supernatant as described previously (2). The supernatant 
was concentrated using ultrafiltration membranes (Diaflo, Amicon), 
dialyzed against 50% glycerol storage buffer (2), and stored at -20 °C. 
For solubilization of bacterially expressed proteins aggregated in 
inclusion bodies, cells from a 100-ml culture were harvested by 
centrifugation at 5,000 rpm (GSA rotor, Sorvall) and reauspended in 
1/10 volume of lysis buffer (50 mM Tris/HCl pH 8.0, 1 mM EDTA, 
0.5 M NaCl, 1 mM phenylmethylsulfonyl fluoride, 20 mM #-mercap- 
toethanol), followed by freezing, thawing, and sonication (Branson). 
The lysate was centrifuged at 13,000 rpm (SA600 rotor, Sorvall) for 
20 min and the precipitate washed with the same volume of lysis 
buffer. To the pellet, 2.0 ml of lysis buffer containing 8 M urea was 
added and incubated for 30 min at room temperature. Urea was 
removed by sequential dialysis against 2 M urea, 1 M urea in lysis 
buffer, and finally lysia buffer only. Five ^1 of the dialysate were used 
for SDS-PAGE. For storage, the bMP-a and bMP-0 were dialyzed 
against 50% glycerol storage buffer and kept at -20 "C. 

Protein Prenyltransf erase — Bovine brain and retina extracts con- 
taining protein pre nyltransfe rase activity were prepared from 10 g of 



brain tissue or five frozen retinas essentially as described by Reias et 
ai (33). The 30-50% ammonium sulfate precipitate was dissolved in 
5 ml of 20 mM Tris/HCl, pH 7.5, 1 mM dithiothreitol, 20 juM ZnCl 2 , 
dialyzed against 1 liter of the same buffer, and finally against 100 ml 
of this buffer containing 50% glycerol. The recovered 1.5-ml extract 
was stored at —20 °C in several aliquots. 

In Vitro Isoprenylation— The standard assay (33) mixture con- 
tained the following components in a volume of 10 jd: Tris/HCl, pH 
7.5 (50 mM); ZnCl 2 (50 m m); KC1 (20 mM); dithiothreitol (1 mM); a 
protease inhibiting mixture consisting of 1 ^g/ml leupeptin, 1 Mg/ml 
antipain, 1 pg/m\ aprotinin, 1 ng/ml pepstatin A, 0.2 mM phenyl- 
methylsulfonyl fluoride; PHJFPP (1 M l, specific activity 1.4 ^Ci/pmol) 
or [ 3 H]GGPP (1 nl, specific activity 8 /iCi/pmol); bMP-a or bMP-0 
(1.5 Mg); brain extract (2 pi). After incubation at 37 a C for 1 h, 10 /d 
of 2 x SDS sample buffer were added, and the mixture was boiled 
and then separated by SDS-PAGE (2). 

Metabolic Labeling of Bacterial Proteins—To label bacterial pro- 
teins with [ 35 S] methionine, 200 p\ of a 2-ml overnight culture of 
pETMPA or pETMPB in BL21 cells were pelleted (2,000 rpm/5 min 
in Sorvall RT 6000B centrifuge) and washed with minimal M9 
medium as described by Studier and Moffatt (34). The bacterial pellet 
was resuspended in 5 ml of M9 medium, grown to ODeoo — 1.0, 
pelleted, and resuspended in M9 medium lacking MgSO«. The culture 
was induced with 0.4 mM IPTG for 1.5 h, 50 ^Ci of [ w S]methionine 
were added, and labeling allowed to proceed for 0.5 h. Cells were spun 
down, and inclusion bodies were isolated and dissolved as described 
above. 

Immunoprecipitation — Solubilized bMP-a and bMP-jS were im- 
munoprecipitated by a polyclonal anti -bovine PDE antibody and 
bound to protein-A-Sepharose CL-4B. Expressed polypeptides were 
eluted with 0.5 M NaCl, 0.1 M citric acid, pH. 4.2, and the eluates 
were neutralized and desalted with Centricon filters (Amicon). 

SDS Gel Electrophoresis and Western Blots— SDS-PAGE was per- 
formed in 15% acrylamide, 0.08% bisacrylamide gels as described 
previously (2). For visualization of 3 H- labeled proteins, the gel was 
treated with EnHancer and exposed to Kodak XAR5 film at —80 °C. 
Proteins were transferred to nitrocellulose as described (35), using a 
Hoefer transfer unit for 2 h at 300 mA. The blot was processed using 
the Bio-Rad immunoblot (GAR-HRP) assay kit except that 5% non- 
fat dry milk was used as a nonspecific blocker (instead of 3% gelatin). 
The blot was incubated with polyclonal antibody (1:1,000 dilution) at 
4 °C overnight. 

HPLC Separation of Isoprenols— The chemical analysis of cleaved 
labeled isoprenols was performed essentially as described by Mumby 
et ai (19), except that trichloroacetic acid-precipitated isoprenylated 
samples were collected by centrifugation (instead of nitrocellulose 
filtration), and the methyliodide treatment was performed for only 8 
h (instead of overnight). Labeled farnesol and geranylgeraniol stand- 
ards were prepared by dephosphorylation of [ 3 H]FPP and [ 3 H1GGPP 
with alkaline phosphatase in 0.1 M glycine, pH 9 (37 °C for 30 min). 
Isocratic reverse phase HPLC was performed through an ODS-pak 
column (4.6 X 250 mm, Shodex) with 80% acetonitrile, 20% water for 
30 min at a flow rate of 1 ml/min. The labeled isoprenols were 
detected in-line with a Flo-one\beta A-200 radioactivity detector 
(Radiomatic, Tampa, FL) and compared with the elution profile of 
authentic geraniol, farnesol, and geranylgeraniol monitored by UV 
absorbance. 

Association of bMP-a and bMP-& with ROS Membranes— To test 
for membrane association (Fig. 5A), aliquots (20 /d, approximately 
10,000 cpm) of non- isoprenylated metabolically labeled immunopre- 
cipitated bMP-a and bMP-|3 were incubated with depleted ROS 
membranes (8 m& of Rho under isotonic conditions for 2 h at room 
temperature (final volume 100 fi\). The membrane suspension was 
pelleted (10 min/15,000 rpm) and resuspended in 500 pi of isotonic 
buffer three times. Other aliquots of bMP-« and bMP-# were first 
isoprenylated in vitro as described above, incubated with ROS mem- 
branes under isotonic and hypotonic conditions, and resuspended/ 
pelleted two times as described for non- isoprenylated material. Final 
pellets were resuspended in 10 //I of SDS sample buffer and subjected 
to SDS-PAGE and autoradiography. 

RESULTS 

Expression Constructs pETMPA and pETMPB— 
PETMPA was constructed by inserting 3.2 kb of cDNA 
encoding the mouse PDE a subunit (MPA, 859 amino acid 
residues) into the BamHl site of the bacterial expression 
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vector pET-3c (32). In this vector, the ATG initiator of MPA 
(ATG*\ Fig. 1) is in-frame with the translation start codon of 
pET (ATG b ) t resulting in a fusion protein bMP-a which 
contains 28 additional amino acids (Fig. 1). Similarly, a full- 
length cDNA encoding the 0 subunit {MPB, 856 residues) 
was inserted into the BamHl site of pET-3a which differs 
from pET-3c by two nucleotides (32). The fusion protein 
bMP-/9 has 26 additional amino acids, the first 12 of which 
are identical with corresponding residues in bMP-a. Due to 
differences in the 5 '-untranslated regions of MPA and MPB 
cDNAs, the residues immediately upstream of ATG P differ. 
Both fusion proteins are expressed under the control of the 
T7-01O promoter (34) located 70 nucleotides upstream of 
ATG h . The 3 '-untranslated sequences of MPA and MPB are 
followed by a short stretch of bacterial untranslated sequence 
and a procaryotic transcriptional terminator. 

Expression and Isolation of bMP-a and bMP-0— As ob- 
served for other bacterial expression systems (36), the major- 
ity of expressed fusion proteins bMP-a and bMP-/J were 
stored in insoluble inclusion bodies. In Fig. 2 an SDS-PAGE 
analysis of crude bacterial ly sates (lanes 1-6), and material 
solubilized from inclusion bodies (lanes 7-9), are shown. In 
the absence of inducer {lanes marked with -), only very small 
amounts of fusion proteins are expressed. In the presence of 
inducer (lanes marked with +), the level of expression of 
fusion protein, but not of other bacterial proteins, increases 
significantly. Urea/dithiothreitol treatment of isolated inclu- 
sion bodies, followed by dialysis and membrane concentration, 
resulted in a substantial purification of the fusion proteins 
(Fig. 2, lanes 7 and 8). The expressed fusion proteins (887 
and 882 residues, respectively) exhibited the expected mobil- 
ity on denaturing SDS gels, only slightly retarded compared 
with the subunits of native bovine PDE (lane 10). Both 
peptides were recognized by a polyclonal antibody which was 
raised against native bovine PDE, as shown by Western 
blotting (Fig. 2B). The antibody, which recognizes all three 
subunits of native PDE (lane 10) , does not cross- react with 
any of the bacterial proteins, Some degradation of bMP-a 
and bMP-0 in crude lysates (lanes 4 and 6) can be detected. 



The stability of both fusion proteins, however, was substan- 
tially improved after purification (lanes 7-9). 

Isoprenylation of bMP-a and Native PDE a and 0 

subunits were shown to be carboxymethylated (8, 9, 30), 
consistent with CAAX box-related posttranslational modifi- 
cations. The chemical identity of the lipid presumed to be 
attached, however, has not been elucidated, and the questions 
as to whether a alone or 0 alone can bind to membranes after 
isoprenylation, and whether a mediates binding of 0 or vice 
versa, are unresolved. Our bacterial expression system allows 
purification of individual unprocessed fusion proteins bMP-a 
and bMP-0 which are identical in sequence to native mouse 
PDE subunits except for short extensions of their N termini 
and lack of modification at the C terminus. We presumed 
that the fusion proteins would be substrates for protein pren- 
yltransferases which have recently been identified in bovine 
brain and other tissues (37, 38) and that according to their 
different CAAX sequences (CCIQ for a, and CCIL for 0), the 
isoprenoid modification would differ. As shown in Fig. 3, both 
bMP-a and bMP-ft can be isoprenylated in vitro with bovine 
brain extract as a source of protein prenyltransferase. When 
incubated with [ 3 H]FPP, only bMP-a (lane 1 ), but not bMP- 
0 (lane 2), was labeled. In contrast, when incubated with [ 3 H] 
GGPP, only bMP-0 (lane 5) t but not bMP-a (lane 4), was 
labeled. Both isoprenylated fusion proteins could be immu- 
noprecipitated with PDE antibody (lanes 7 and 8). As ex- 
pected, native bovine PDE, which is most likely fully proc- 
essed by isoprenylation and carboxymethy lation, did not serve 
as a substrate (lanes 3 and 6). Experiments shown in lanes 1- 
6 were successfully repeated with retina extracts as a source 
for prenyltransferase yielding a comparable labeling efficiency 
(not shown). The results show that brain and retina extracts 
contain specific protein prenyltransferases capable of trans- 
ferring Cis and C 20 isoprenoids to expressed fusion proteins 
and that the specificity of isoprenoid transfer is influenced by 
the last residue of the CAAX sequence. 

HPLC Analysis of Isoprenoids Attached to bMP-a and bMP- 
0— Since we used crude bovine brain extracts to transfer FPP 
and GGPP to purified bMP-a and bMP-0, we verified the 
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Fig. 1. The pETMPA and pETMPB expression constructs. Top, schematic representation of the construct. 
PDE sequences were inserted by blunt-end ligation into the BamHl site (B) of the pET vector. Black box, PDE 
coding sequence. Cross hatched box, CAAX box. White boxes, untranslated regions. A TO", bacterial translation 
start codon; A TG P , translation start codon of PDE subunit. Stippled box between ATG b and B, N terminus derived 
from pET. Hatched box between B and ATG P , sequence deriving from multiple cloning site of bluescript and 5'- 
flanking region of MPA. Prom, T7 -^10 promoter; term, transcription terminator. Bottom, the sequences of the 
fusion proteins of bMP-a and bMP-0. (BamHl) f(Clal) indicates the junction between the pET vector and MPA- 
B and (BamHl) f(EcoRI) the junction between pET and MPB -81. Due to blunt-end ligation, the restriction sites 
were not recovered. Triangles (T) depict the border between Bluescript multiple cloning site and the 5'-flanking 
sequences. Of the native PDE subunit sequences, only ATG and the 12 C- terminal nucleotides encoding the 
respective CAAX boxes are shown. 
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Fig. 2. SDS-PAGE and Western blot of expressed fusion 
proteins (bMP-a and bMP-#). The - and + signs below the gel 
indicate cultures un induced and induced by IPTG, respectively. Lanes 
1 and 2, polypeptides of lysate containing pET vector only (no insert), 
.Lanes 3 and 4, polypeptides of lysates containing pETMPA. Lanes 5 
and 6, polypeptides of lysates containing pETMPB. Lane 7, bMP-« 
and lane S t bMP-fl, both solubilized from inclusion bodies. Lane 9, a 
1:1 mixture of bMP-<* and bMP-#. Lane 10, 2 of concentrated 
hypotonic supernatant of bovine ROS containing native PDE. Lane 
11, molecular weight markers (Bethesda Research Laboratories). B, 
Western blot of gel shown in A y excluding lane 11. The polyclonal 
antibody used recognizes all three native PDE subunits {lane 10). 
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FlC, 3. In vitro isoprenylation of bMP-a and bMP~j(3 with 
[ S H]FPP and pHJGGPP. Purified bMP-a, bMP-ft and native PDE 
as a control were isoprenylated in the presence of [ :{ H]FPP {lanes l~ 
3) or ( :, H|GGPP {lanes 4-6) and bovine brain protein prenyltransfer- 
ase, separated by SDS-PAGE, and ttuorographed. Ixme 7, bMP-«/ 
FPP; lane 2, bMP-£/FPP; lane 3, native bovine ROS PDE/FPP; lane 
4, bMP-a/GGPP; lane 5, bMP-/?/GGPP; lane 6 } native PDE/GGPP. 
Isoprenylated samples shown in tanes 1 and .5 were mununoprecipi- 
t.ated with a PDE monospecific polyclonal antibody, and the precip- 
itates were solubilized and renin {lanes 7 and 8). 



identity of the lipids attached by HPLC following methylio- 
dide treatment, a procedure which specifically cleaves thio- 
et-hers producing isoprenols. Shown in Fig. 4A is the HPLC 
profile of the isoprenoid released from bMP-a'". The major 
product exhibits a retention time of 10 min, identical to that 
observed for authentic [\H] farnesol, as prepared by phospha- 
tase cleavage of [ :t H]FPP. The lipid moiety released from 
bMP-^ exhibits a retention time identical to [ :t H)geranylger- 
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FiG, 4. HPLC profiles of labeled isoprenols after cleavage 
of isoprenylated bMP-a and bMP-fl with trypsin/methyl io- 
dide. The elution positions of authentic labeled and unlabeled stand- 
ards, geranio), farnesol, and geranylgeraniol are indicated by arrows, 
A, isoprenoid (farnesol) obtained from cleaved isoprenylated bMP-a; 
B f isoprenoid {geranvlgeraniol) obtained from isoprenylated cleaved 
bMP-/3. 

aniol (Fig. 4B). Minor peaks and shoulders accompanying the 
authentic Ci S and C^o moieties, most likely isomers, were also 
observed in samples obtained by phosphatase treatment of 
[ 3 H]FPP and [ :, H]GGPP (not shown). The results show that 
isoprenoids are transferred by brain protein prenyltransfer- 
ases without further modification and covalently linked as a 
thioether to the expressed fusion proteins. 

Membrane Binding of Isoprenylated Fusion Proteins—To 
examine the influence of isoprenoid addition on membrane 
binding, we first metabolically labeled bMP-a and bMP-(3 
with [ :1S S] methionine and then isoprenylated the immunopre- 
cipitated :, *S-labeled bMP-a and 35 S-labeIed bMP-jff with un- 
labeled FPP and GGPP, respectively (Fig. 5A). The non- 
isoprenylated and isoprenylated immunoprecipitated fusion 
proteins were then incubated with depleted ROS membranes, 
respectively, under conditions which promote membrane as- 
sociation (isotonic buffer) and under conditions which disrupt 
membrane association (hypotonic buffer) (2). The results 
demonstrate (Fig, oB) that the non-isoprenylated (unproc- 
essed) fusion proteins do not associate with membranes (lane 
4 for bMP-a- and lane 8 for bMP-/?). Isoprenylated fusion 
proteins, in contrast, bind to membranes (lanes 5 and 9, 
respectively) under osotomc conditions, but do not bind under 
hypotonic conditions (lanes 6 and 10, respectively). 

DISCUSSION 

Membrane association of PDE (39) is reversible and 
thought to be mediated by immersion of a hydrophobic tail 
into the phospholipid biiayer of ROS membranes. The open 
questions concerning membrane association of PDE at the 
beginning of our studies were which of the two large subunits 
(or both?) would provide the hydrophobic tail to be inserted, 
and what is its chemical nature? Our approach to answer 
these questions was to express the two large subunits in 
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Fig. 5. Membrane binding of isoprenylated [ af, Sjmethio- 
nine-labeled bMP-« and bMP~$. A, schematic of procedure used 
to show membrane binding of isoprenylated fusion proteins. B, SDS- 
PAGE analysis and autoradiography. Lanes J and 2, bacterial lysates 
of IPTG-induced pETMPA and pETMPB cultures, respectively, 
which have been labeled metabolicaUy with [ 35 S] methionine. Lanes 3 
and 7, immunoprecipitation of lysates shown in lanes 1 (bMP*a) and 
2 (bMP-<3). Ijines 4 and 8, membrane pellets of depleted ROS incu- 
bated in isotonic buffer with non -isoprenylated bMP-or and bMP-.tf 
(no binding). Lanes 5 and 9, membrane pellets of depleted ROS 
incubated with farnesylated bMP « (bMPV) and geranylgeranylated 
bMP-/? (hMP-jS*) in isotonic buffer (binding). Ijines 6 and 70, pellets 
of ROS membranes incubated with bMP-a r and bMP-/J K in hypotonic 
buffer (no binding). 

bacteria where protein prenylation does not occur and to 
study membrane association of expressed proteins before and 
after isoprenylation in vitro. We decided to use the pET 
expression system to produce fusion proteins with 26-28 N- 
terrninal amino acid extensions (Figs. 1 and 2). As subunits 
to be expressed we chose mouse PDE a and £ subunits, which 
we had cloned previously as full-length copies (13, 40). The 
mouse PDE a and 0 subunit sequences are more than 90% 
identical with corresponding sequences in bovine, the system 
in which most of the PDE biochemistry has been done, and 
membrane binding properties of mouse and bovine PDE are 
presumed to be identical As expected, the expressed fusion 
proteins did not bind in isotonic buffer to ROS membranes 
. (Fig. 5) which were depleted of other peripheral membrane 
proteins by exhaustive treatment with hypotonic buffer. A 
crude brain extract, an ammonium sulfate cut containing 
many other enzymes including farnesyl and geranylgeranyl 
transferases, farnesylates bMP-a, and geranylgeranylates 
bMP-/3 (Fig. 3). The individual isoprenylated proteins readily 
associate with ROS membranes under isotonic conditions, but 
do not bind in hypotonic conditions, mimicking the membrane 
binding behavior of native PDE. We have not tested the 
isoprenylated fusion proteins for C/A AX cleavage. Since car- 
boxymethyltransferase and C/AAX carboxypeptidase are par- 



ticulate (41, 42) and may be present in depleted ROS mem- 
branes, partial processing cannot be excluded. In the absence 
of S-adenosylmethionine as a methyl donor, however, we 
assume that the isoprenylated fusion proteins are not carbox- 
ymethylated. 

The CAAX box sequences of the expressed fusion proteins 
(and of the native PDE a and subunits) differ only in their 
C-terminal residues (CCIQ versus CCIL, Fig. 1). Our finding 
of specific dr, isoprenoid transfer for bMP-or and C20 transfer 
for bMP-jS, coupled with previous findings that the CAAX 
sequence itself is sufficient to signal prenylation (27), con- 
firms the presumption that the C-terminal residue X of CAAX 
is the sole determinant of prenyl transferase specificity (43, 
44). Although most naturally occurring CAAX substrates for 
farnesylation carry an S, M, or F as the last residue (X) (24, 
27), a synthetic CCVQ peptide inhibited protein farnesylation 
to a similar extent as CVLM or CVLS (27). Since geranylger- 
anylation of bMPa is undetectable in our assay (Fig. 3, lane 
2), we conclude that X = Q in CCIX specifically signals 
farnesylation. Our results also show that like brain, the retina, 
where rod PDE is exclusively located, contains farnesyl and 
geranylgeranyl transferase activities, consistent with the 
nearly ubiquitous occurrence of protein prenyltransfe rases in 
mammalian cells. 

Although both subunits contain a C-terminal domain that 
is thought to contain at least part of the active site, native a 
and j3 cannot be separated under nondenaturing conditions. 
Preliminary attempts to recover a fusion protein bMP-a or 
bMP-/? that is capable of hydrolyzing cGMP, or to reconsti- 
tute an active enzyme from both expressed subunits in a 
stoichiometric ratio, were unsuccessful. Taken with previous 
results, in which a truncated j5 subunit leads to an inactive 
PDE holoenzyme in the rd mouse (45), individual subunits 
most likely will not exhibit catalytic activity. Our results 
indicate that bacterial ly expressed large subunits of PDE, and 
hence most likely the native subunits, are posttranslationally 
isoprenylated by farnesyl and geranylgeranyl groups, respec- 
tively, and that both subunits may have independently the 
ability to associate with membranes under appropriate con- 
ditions. In the simplest model, farnesyl and geranylgeranyl 
tails would provide the molecular anchors. Recent experi- 
ments, however, in which soluble native PDE was subjected 
to limited trypsinolysis (46) indicated that C-terminal cleav- 
age of the 0 subunit initiated the loss of membrane binding 
favoring a model in which a is largely bound to the membrane 
through association with It appears possible that the far- 
nesyl tail interacts more weakly with membranes than the 
geranylgeranyl tail (22). Rhodopsin kinase, predicted to be 
farnesylated (CAAX sequence CVLS), interacts only weakly 
with membranes (47). Cone PDE, consisting of only one large 
subunit a' y is predicted to be geranylgeranylated (CAAX 
sequence CLML) and known to be membrane associated 
under isotonic, but not hypotonic conditions (48, 49). Since 
the bacterially expressed polypeptides do not assume a native 
conformation, the possibility cannot be ruled out that the 
farnesyl group on the native a -subunit is oriented differently 
or even away from the membrane, and therefore, could be 
involved in function other than membrane binding. Isopren- 
ylation of the transducin y subunit, for example, has been 
shown to be necessary for GDP/GTP exchange on the trans- 
ducin a subunit (28), consistent with a role beyond membrane 
association. 
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